Abstract: Evaluation of suspicious skin lesions by dermatologists is usually accomplished using white light examination and direct punch or surgical biopsy. However, these techniques can be imprecise for estimating a lesion's margin or level of dermal invasion when planning surgical resection. Laminar optical tomography (LOT) is an imaging technique capable of acquiring depth-sensitive information within scattering tissues. Here, we explore whether LOT data can be used to predict the depth and thickness of pigmented lesions using a range of simulations and phantom models. We then compare these results to LOT data acquired on normal and malignant skin lesions in vivo. Dermatol. Surg. 33(4), 395-402 (2007). 14. G. Argenziano and H. P. Soyer, "Dermoscopy of pigmented skin lesions-a valuable tool for early diagnosis of melanoma," Lancet Oncol. 2(7), 443-449 (2001 193-200 (2006). 18. C. L. Smithpeter, A. K. Dunn, A. J. Welch, and R. Richards-Kortum, "Penetration depth limits of in vivo confocal reflectance imaging," Appl. Opt. 37(13), 2749-2754 (1998) 
Introduction
Skin cancer is the commonest form of cancer in the United States, with over one million new cases of non-melanoma and 81,000 new cases of melanoma expected in 2012 [1, 2] . The most common treatment for malignant skin lesions is surgical resection. However, although nonmelanoma skin cancer treatments typically have a high success rate, this outcome often requires excision of a significant margin around the lesion [3] [4] [5] [6] [7] . Since such lesions are commonly located on sun-exposed areas of the head, face and neck, excessive margin removal can be disfiguring [8] [9] [10] . Patients will often undergo initial conservative resection, but the wound will be left open for several days while margin histopathology is used to determine whether further resection is required, a process which can be very distressing [11, 12] . Mohs surgery uses frozen tissue histology for faster results, but differences in surgical technique and laboratory facilities can lead to variable outcomes [13] . Melanoma lesions can be highly aggressive, leading to distant metastases if diagnosis and treatment are delayed. Metastasis is more likely if the tumor has thickened and invaded into the dermis, making evaluation of lesion thickness an important parameter for treatment planning [9] . Therefore, establishing an accurate clinical margin in vivo, prior to resection, both in lateral extent and in depth, could significantly improve treatment and reduce postsurgical morbidity in either type of skin cancer.
Clinical examination of any suspected skin lesion is typically performed visually under white light, allowing little perception of lesion depth. Biopsies are obtained to determine the exact nature of the lesion prior to resection, but these do not sample the full extent of the lesion. More advanced visualization approaches include dermoscopes; handheld devices that exploit polarization to reject superficially scattered light and specular reflection, enhancing appreciation of deeper portions of the epidermis [14] . However, while dermoscopes allow lesion color, boarder, and shape to be more clearly visualized compared to a standard white light exam, since this device relies on the visual impression of the clinician, results depend heavily on training [15] . Another advanced technology for skin lesion evaluation is reflectance confocal microscopy [16, 17] . This technique exploits refractive index mismatches between the nuclei and cytoplasm of cells to generate high-resolution, depth-sectioned images of the in vivo cellular architecture of skin. However, the penetration depth of this technique is less than 200 microns, limiting it to structures above and around the epidermal / dermal junction [18] . Its field of view is also typically small (<500 microns), requiring careful surveying of multiple sites rather than assessment of an entire lesion. Reflectance confocal is also not directly sensitive to the absorption properties of lesions, and therefore cannot distinguish lesion margins on the basis of pigment color or density.
Laminar Optical Tomography (LOT) is a strong complement to these existing methods, since it can provide sensitivity to deeper tissues, as well as to absorption contrast [19] . Here, we seek to demonstrate how LOT could be used to aid clinicians in their evaluation of skin cancer margins prior to surgical resection. LOT employs a configuration similar to a laser scanning confocal microscope, but utilizes an array of detectors at the de-scanned confocal plane (as compared to the single detector behind a pinhole in a standard confocal system) [20] . These detectors are imaged to positions up to 1.75 mm from the focus of the scanning beam and detect photons that have undergone progressively more scattering events compared to on-axis light. These photons have, on average, traveled through deeper tissues than their on-axis counterparts, enabling evaluation of optical contrast in progressively deeper regions within the tissue. Since scattered photons have traveled further within the tissue, they are more sensitive to absorption contrast. LOT uses three distinct laser wavelengths designed to evaluate optical absorption due to common tissue chromophores, specifically oxy-and deoxyhemoglobin and melanin. This enables quantitative analysis of the distribution of chromophores at various depths, which are important in both pigmented (melanin) and nonpigmented (hemoglobin) skin lesions.
In this paper, we evaluate LOT as an adjunct tool for clinicians to aid in their assessment of skin lesions in vivo. We first present LOT data acquired from skin-like optical phantoms, and demonstrate a generalized method to predict a lesion's relative depth and thickness, depending on the detected intensity profile seen over the range of source-detector separations. Our generalized method is then applied to common, benign lesions in normal volunteers to distinguish between a likely junctional nevus and compound nevus. Finally, a clinical case study is discussed in which LOT is shown to resolve subepidermal neoplastic tissue not visible on white light photography.
Materials and methods

Laminar optical tomography
The optical configuration for LOT as utilized in this study can be seen in Fig. 1 . Simply, collinearly aligned lasers at three wavelengths (488nm, 532nm, and 638nm) are directed through a polarizing beam splitter cube and onto scanning galvanometer mirrors. A scan lens and objective lens focus the raster scanning beam onto the tissue. Light returning from the tissue is de-scanned, passes through a 3-band dichroic beamsplitter and is then separated by a polarizing beam splitter. Light that has lost its initial polarization state is directed to the absorption detection arm (suppressing specular reflections). Here, light travels through a focusing lens and slit, then passes through a diffraction grating, where the three reflected wavelengths are differentially dispersed onto a 2-dimensional photomultiplier tube (PMT) array allowing simultaneous detection [19] . While not utilized here, the system also includes provision to measure fluorescence, separated by the 3-band dichroic and directed to the fluorescence detection arm, which contains a focusing lens, slit and linear PMT array [21] . Figure 1 depicts how detectors with larger lateral offsets will detect light that has undergone more scattering events and has, on average, traveled deeper through tissue. As the focused laser beam raster scans, each offset detector generates its own image corresponding to light emerging at different lateral distances from the scanning spot. The result is a data set comprising a series of images where contrast is generated from increasingly deep structures. The clinical data shown in this study was acquired using an articulating arm providing positioning of the region of interest with three degrees-of-freedom [22] . 
Monte Carlo modeling
The spatial sensitivity of LOT measurements can be predicted using a model of light propagation. Since LOT makes measurements over length scales of less than a few millimeters, close to the scattering length of typical tissue, diffusion models are inappropriate. We therefore chose to utilize Monte Carlo modeling. Our model is based on the work of Dunn et al, which in turn is a 3D, multi-region implementation of MCML code by Wang et al [23, 24] . Modifications were made to ensure that photon visitation was recorded even when a photon did not scatter within a given voxel. Illumination was modeled as a single focused beam with a numerical aperture of 0.05. Simulations were then performed by allocating a series of equally spaced layers at increasing depths from the surface of the modeled volume, and recording the pathlength of each visiting photon within each layer. The position and direction of each photon exiting the modeled tissue was then recorded along with its respective total pathlength within each layer. Post-hoc analysis of this modeled data was then used to predict the relative sensitivity of photons emerging at different lateral distances from the incident beam to changes in absorption in each depth layer. An example of the output from a skin-simulating model is shown inset in Fig. 1 , which used 20 micron thick layers over 4000 microns of depth (the top 1600 microns are shown) for background optical properties of absorption coefficient μ a = 0.2 mm
, scattering coefficient μ s = 45 mm −1 (100 micron thick epidermis) and μ s = 30 mm −1 (dermis) and anisotropy factor g = 0.8 [25] [26] [27] . The plot shows the total photon visitation pathlength in each layer for given source-detector separations (normalized to 1 for each separation). This demonstrates that, for these optical properties, 0 separation measurements are sensitive primarily to the upper 50-100 microns of skin, whereas a 0.5 mm separation is more sensitive to depths between 100 and 300 microns, a 1 mm separation; to 200-500 microns and a 1.5 mm separation; to 300-800 microns. This suggests that narrower separations will almost exclusively probe the stratum corneum and epidermis (the top 100-200 microns in most human skin), while wider separations will be more sensitive to the papillary and deeper reticular dermis.
Phantom construction
To quantitatively compare Monte Carlo simulation results to real LOT measurements, phantoms were created using constructs composed of agarose (Acros Organics, 9012-36-6), 20% Intralipid (Sigma-Aldrich, I141), bovine hemoglobin (Sigma-Aldrich, H2500) and coffee powder (Medaglia D'Oro, to mimic melanin) in proportions to yield optical properties of μ a = 0.2 mm , and g = 0.8. Thin sheets of agarose (containing Intralipid, with or without 'melanin') were cast between two microscope slides spaced with two 200 micron thick cover glasses, and layered on top of an agarose-based 'dermis' containing Intralipid and hemoglobin [19] . This layering yielded phantoms with nevus-like absorbing inclusions of varying depths and thicknesses between 200 and 600 microns. Each phantom was prepared immediately before imaging to avoid dispersion of absorbers between layers. A photo of one such phantom is shown in Fig. 2(a) .
LOT phantom imaging
LOT phantom data was acquired by positioning phantoms under the system's objective lens. A transparent ruler was placed onto the edge of the phantom to provide accurate measurements of field of view size and source-detector separations. Data was acquired in sets of 15 frames (300 by 300 pixels per frame) at 5 frames per second using the system's 532nm laser. Calibration of LOT data is dependent on many factors including the uniformity of illumination (L s ), the efficiency of detection (E s,d ), system reflections (R s,d ), the relative gains of each detection channel (g d ), and dark counts and ambient light (D d ) [21] . We can therefore describe the raw PMT signal for source position s and detector d (M s,d ) measured by LOT as:
where S s,d is the desired signal from the sample. If we wish to consider only the relative change in signal (differential contrast) with respect to a reference region or object: ΔS/So, we can cancel out all of these terms through subtraction of a "dark image" acquired by collecting a scan without any sample present at the focal plane (DI ns ):
In the case of skin imaging, Mo s,d is the signal extracted from a region of normal tissue adjacent to the lesion of interest. The analysis above shows that differential contrast ΔS/So is robust to many potential experimental errors. We demonstrate below using simulations and phantom measurements that the information content ΔS/So is also sufficient to yield information about the depth and thickness of absorbing lesions.
In vivo imaging of skin lesions
In vivo data was acquired under a protocol approved by the Institutional Review Board at Columbia University Medical Center. Patients were recruited for LOT imaging if they had a pigmented lesion greater than 1cm from their eyes and were scheduled for resection surgery. After initial white-light photography, a 1 cm by 1cm area including the lesion was imaged with the LOT at approximately 5 frames per second, for a total of 15 frames, each frame comprising 7 source-detector pairs in each of the red, green, and blue reflectance channels. Appropriate calibration scans were also taken each day in the clinic. Following imaging, the clinical margin was determined by the expert clinician (D.R., blinded to LOT results), and surgical excision of the lesion was performed. Standard histology was then performed on the removed tissue. The orientation and slice location within each histology cassette were carefully recorded for subsequent correlation to LOT images. Additional LOT data was acquired in normal volunteers with benign melanocytic nevi of either junctional or compound characteristics. These nevi were not resected, but are compared to standard library histology. Junctional nevi were identified by their pigmented yet macular appearance and are expected to have melanocytes (and therefore, pigment-containing melanosomes) constrained to the dermal-epidermal junction. Compound nevi are also pigmented, but exhibit a slightly raised appearance and commonly have melanocytes and melanosomes extending beyond the dermal-epidermal junction into the dermis.
For both phantom and in vivo data, the sets of 15 repeated scans were averaged prior to extraction of differential contrast measures from chosen regions of interest. Where data is shown as a red-green-blue merge, raw LOT images from the red, green and blue lasers were normalized to their maxima and merged into an R-G-B bitmap.
Results
Monte Carlo modeling and phantom imaging
Figure 2(b) shows raw LOT data acquired on a representative phantom, with regions of interest centered on 200, 400 and 600 micron deep 'lesions' (top to bottom rows). Differences between the various source-detector separations can be appreciated, in particular that the contrast of the shallow 'lesion' is more uniform throughout all source-detector separations, whereas the deeper lesion cannot be seen in the narrower separation images. Data was extracted from these raw LOT images by selecting small regions of interests as indicated, corresponding to the lesion and background in order to calculate differential contrast (ΔS/So) as a function of source-detector separation. A Monte Carlo model of the agarose phantom considered 10 x 100 micron layers (total volume depth 4mm) with μ s = 4.0 mm 
Figures 2(d) and 2(g) show plots of this differential contrast from LOT data (solid lines) compared to equivalent results from our Monte Carlo simulations (dashed lines). Error bars
show the standard deviation of ΔS/So measurements over the 15 frames acquired. While some differences owing to model accuracy are to be expected, the general trends of both sets of curves are consistent between LOT measurements and our model. To parameterize these trends, a power law fit to the data (y = ax b ) was performed (black dashed lines). In Figs. 2(e) and 2(h), the fit parameters "a" and "b" for each geometry are plotted on a coordinate system (with "a" as the ordinate and "b" as the abscissa). Trend-lines illustrate that inclusions of fixed thickness and increasing depth will move to the top of this coordinate space (higher b), while inclusions of fixed depth and increasing thickness move to the right along the ordinate (higher a). Fits for LOT phantom measurements are shown as triangles in this space, and their positions agree well with the measured phantom geometry in all cases. , for various thickness and depths of inclusion. Triangles show results of the power law fits for phantom measurements from (d) and (g) respectively and agree well with phantom parameters. We note that compression of 'thickness' isolines at higher "a" values is a result of ΔS/So values approaching 1, corresponding to very little light reaching detectors. This is an intrinsic detection limit of LOT, since if light cannot reach the detector, it cannot distinguish between lesions of increasing thickness beyond that threshold.
While the optical properties and geometries of our phantoms are well-defined, the background optical properties and layered structure of human skin can be highly variable from person to person and on different parts of the body. To explore the sensitivity of our model and fitting technique to uncertainties in tissue optical properties, we simulated the effects of a 10% error in scattering coefficient on fit parameters "a" and 'b" for 200 micron thick lesions at three different depths for our phantom-like and skin-like models. Figure 3 shows that these changes have a relatively small effect on the predicted depth and thickness of the lesions and that, importantly, the trends across the plots for deeper and thicker lesions are maintained and robust against uncertainties in background optical properties. We note therefore that, given unavoidable uncertainties in background properties in vivo, that we do not expect our method to provide absolute quantitation of lesion thickness and depth, but rather relative measures of a lesion's thickness and depth that are robust and provide clinically useful information.
Below, we apply our analysis approach to LOT data acquired on in vivo lesions to obtain relative indicators of their depth and thickness. , μs = 45 mm −1 (100 micron thick epidermis) and μs = 30 mm −1 (dermis) and g = 0.8). The colored triangles represent fit results when the background scattering coefficient is increased by 10% (upward pointing triangles) or decreased by 10% (downward pointing triangles). While the absolute prediction for each location changes somewhat, the trends related to relative depth and thickness are retained.
Normal volunteer: melanocytic nevus
The results of LOT imaging of benign melanocytic nevi are presented in Fig. 4 . Two normal volunteers with apparent compound (Figs. 4(a)-4(c) ) or junctional (Figs. 4(d)-4(f) ) nevi were imaged with a standard white light camera (Figs. 4(a),4(d) ) and LOT using the 532nm laser (Figs. 4(b),4(e) ). Representative histopathology photomicrographs of these benign lesion types are shown (Figs. 4(c),4(f) ) [28] . In compound nevi, nests of melanocytes can be seen at the dermal-epidermal junction and extending into the dermis (red arrows), while in junctional nevi, these nests are limited to the epidermal-dermal junction only. Since these cells produce the absorbing contrast (melanin containing melanosomes) to which LOT is sensitive, the power law fit technique was applied to analyze the physical properties of these skin lesions.
Figure 4(g) shows plots of differential contrast extracted from the raw LOT data regions indicated. The 'background' So measurement was extracted from a region of skin adjacent to the lesion (white box). Figure 4(d) shows the results of the power law fit to these curves plotted as triangles on top of our simulated parameter space (calculated using our skin-based Monte Carlo model with μ a = 0.2 mm (dermis)). Consistent with our phantom results, the "a" and "b" parameters for the compound nevus suggest that it is thicker than junctional nevus, with both being shallow (superficial). Figure 5 shows the results of LOT imaging on a 53-year-old male patient with a subsequently confirmed 9mm diameter squamous cell carcinoma present near the right nasolabial fold. The lesion had not been previously treated or biopsied. Surgical resection and histological analysis was performed following LOT data acquisition. Figure 5 (a) shows a white light image of the lesion taken with a standard digital camera. Figure 5(b) shows the same image with an RGB merged color LOT image superimposed to demonstrate the relative orientation of the two fields of view. A sequence of images showing the raw LOT data set for different source-detector separations is shown in Fig. 5(d) . One of the most noticeable features of this data is the appearance, in wider source-detector separations, of a region that is strongly absorbing under blue and green illumination along one (C) 2012 OSAedge of the lesion (appearing red in the RGB merge, indicated by yellow arrows). This region is not discernible from the rest of the lesion's perimeter in the white light photograph. Figure  5 (c) shows regions of interest (ROIs) selected for differential contrast calculation; blue and green boxes were selected to target the regions of high blue and green contrast noted above, while the red box was selected from an assumed normal region. Only data from the 532nm laser was used for differential contrast calculation. The white box denotes the reference region (Mo), carefully chosen as a region with minimal apparent sub-surface structure. Figures 5(e) and 5(f) show the power law fit results for these regions overlaid on our skin-based simulated parameter space, suggesting that the blue and green regions appear to be both deep and fairly thick, while the region indicated by the red square in Fig. 5(c) is both thin and superficial, or essentially similar to the chosen reference region.
Case study: squamous cell carcinoma
The histology section shown in Fig. 5(g) is approximately from the region indicated by yellow dashed line in the image in Figs. 5(b) and 5(c) . This image shows a large central region comprising sheets of invasive dysplastic keratinocytes with occasional keratin pearls, without an overlying epithelium, indicative of an ulcer. Surrounding this ulcerated region, relatively normal-appearing epithelium is present. However, in the region highlighted by the yellow box (enlarged to the right) further keratin pearls and dysplastic keratinocytes are visible below the normal-appearing epithelium (black arrowheads). To the left of this, deposits of red blood cells indicative of dilated and leaky blood vessels are visible (red arrowhead). We believe that this hemoglobin-rich region is the origin of the 'deep' contrast seen in our LOT depthdependent analysis. This contrast is not visible in the white light images of the lesion and likely represents an extension of the tumor margin and associated inflammation that is present below the normal-appearing surface epithelium of the area.
Discussion
In this paper we have demonstrated the potential of Laminar Optical Tomography to describe the depth and thickness of pigmented skin lesions, providing additional information compared to simple white light examination. This was achieved through the use of a simple power law fit of differential contrast versus source-detector separation. This method was developed and validated through the use of both Monte Carlo simulations and LOT data from skin-like phantoms. This fairly simplistic analysis approach was chosen to allow robust analysis of the relative depth and thickness of skin lesions, without the need for absolute knowledge of the background absorption and scattering structure of the tissue being imaged. As a result, our method is unlikely to provide truly quantitative measures, but rather relative measures of lesion thickness and depth that are of clinical value.
Our results suggest that LOT could become a useful adjunct tool for clinicians wishing to estimate the surgical margins and invasion depth of malignant skin lesions where preservation of normal tissue is paramount and treatment decisions must be made quickly. LOT offers the ability to probe relatively deep layers of tissue, and its sensitivity to hemoglobin and melanin make it ideal for detection of neoplasm-related angiogenesis in nonpigmented and pigmented lesions. We note that additional clinical measurements are required to demonstrate the true efficacy of LOT for this application.
One of the limitations of using LOT in its current form is adapting the optical setup for use in a clinical setting. Lesions may be present on any area of the body, and accessing these locations can be difficult. The articulating arm implementation of LOT used to acquire the clinical data shown here utilized rotation mounts and mirrors to provide a system capable of reaching a wide range of skin lesions quickly and effectively. However, this configuration suffered from problems related to correcting for specular reflections owing to the effects of polarization, and fiber optic bundle implementations of LOT have also proven problematic [22] . However, by incorporating newer technologies, we believe that LOT could be implemented in a number of simpler ways, including direct-contact arrays of sources and detectors exploiting miniature light emitting diode technology, or in hand-held configurations using microelectromechanical systems (MEMS) technology, either of which could substantially improve performance and reduce cost and complexity. Our results also demonstrate the potential value to dermatology of 'Modulated imaging' and other wide field diffuse optical imaging approaches, which can yield equivalent data to LOT via projected spatial light patterns and camera-based detection [29, 30] .
